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c I. 

ABSTRACT 

The o b j e c t i v e  of  Cont rac t  NAS5-10445 i s  t o  des ign  and b u i l d  two operable  

1-square-foot s o l a r  c e l l  pane ls  capable  of w i t h s t a n d i n g  10 thermal- 

annea l ing  c y c l e s  from 20 t o  450°C. 

and a means o f  s w i t c h i n g  t h e  s o l a r  c e l l s  from t h e i r  o p e r a t i n g  s t a t e  t o  

t h e  annea l ing  s t a t e ,  and vice versa. 

The panels  r e q u i r e  a h e a t i n g  system 

The work accomplished dur ing  t h i s  f i r s t  q u a r t e r  included:  (1) develop- 

ment o f  a thermal -d i f fus ion  bonding p r o c e s s  f o r  a t t a c h i n g  s i l ve r  i n t e r -  

connectors  t o  s o l d e r l e s s ,  s i l i c o n  s o l a r  ce l l s ,  ( 2 )  e v a l u a t i o n  of 400-Hz 

motor o p e r a t i o n s  i n  vacuum, ( 3 )  a thermal  a n a l y s i s  t o  e v a l u a t e  p o s s i b l e  

h e a t i n g  methods, and (4) a pre l iminary  p a n e l  d e s i g n .  

Thermal-diffusion bonding w a s  used t o  j o i n  s i lver  i n t e r c o n n e c t o r s  t o  s o l a r  

c e l l s  wi thout  degrading t h e  performance of  t h e  s o l a r  ce l l s .  

wi ths tood  a t  least  500 grams i n  s h e a r  loading  b e f o r e  f a i l u r e .  Photo- 

micrographs of bonds show a d i f f u s i o n  of t h e  s i lver  i n t e r c o n n e c t o r  i n t o  

t h e  s i l v e r  c o n t a c t  o f  t h e  s o l a r  c e l l .  This  bond w i l l  wi ths tand  over  500°C 

and i t  may be  u s e f u l  i n  o t h e r  s o l a r - c e l l  a p p l i c a t i o n s .  

The bonds 

Two 400-Hz motors have been t e s t e d  i n  vacuum. They can be  used t o  o p e r a t e  

t h e  pane l  h e a t i n g  system i n  a demonstrat ion panel .  

The thermal  a n a l y s i s  inc luded  i n v e s t i g a t i o n  of greenhouse h e a t i n g ,  elec- 

t r i c a l  h e a t i n g ,  and a combination of t h e  two f o r  achiev ing  a 450°C panel  

temperature .  The greenhouse h e a t i n g  s t u d y  is n o t  complete because of 

l a c k  of d a t a  on t h e  emi t tance  of H-film beyond 2 . 7  microns.  The e l ec t r i ca l  

h e a t i n g  a n a l y s i s  shows t h a t  a 10-layer  aluminum-foil r a d i a t i o n  s h i e l d  may 

be  r e q u i r e d ,  b u t  t h i s  a n a l y s i s  is  incomplete  about t h e  amount of  c u r r e n t  

t h a t  can b e  conducted through s o l a r  cel ls  a t  450°C wi thout  degrading ce l l s .  

The p r e l i m i n a r y  p a n e l  des ign  uses  l i g h t w e i g h t  space-qual i f ied  materials 

t h a t  are a b l e  t o  w i t h s t a n d  450°C. It c o n s i s t s  o f  woven f i b e r g l a s s  

s t r e t c h e d  i n  a Kovar frame. Ceramic adhes ives  bond t h e  s o l a r  cells t o  t h e  

t h e  f i b e r g l a s s  s u b s t r a t e .  
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I NTR OD UCTl ON 

A s  s o l a r  ce l l s  become damaged from s p a c e  r a d i a t i o n  t h e i r  power output  

d e c r e a s e s .  Today, o v e r s i z e d  s o l a r - c e l l  pane ls  are designed t o  provide  

adequate  o u t p u t  power a t  t h e  end of  t h e  mission.  However, w i t h  t h e  new 

l a r g e  s o l a r  p a n e l s ,  such as t h e  5000-square-foot LASA (Reference 11 ,  t h e  

added weight  and c o s t  of a n  o v e r s i z e d  panel  are g r e a t  enough t o  j u s t i f y  

a s e a r c h  f o r  a l t e r n a t e  methods of d e a l i n g  w i t h  r a d i a t i o n  degrada t ion .  

The NASA-Goddard Space F l i g h t  Center  h a s  shown t h a t  s o l a r  ce l l s  t h a t  have 

become damaged from p a r t i c u l a t e  r a d i a t i o n  can b e  r e s t o r e d  t o  t h e i r  i n i t i a l  

s t a t e  by thermal  annea l ing  (Reference 2 ) .  The temperature  r e q u i r e d  f o r  

thermal  annea l ing  i s  a f u n c t i o n  of  r a d i a t i o n  energy,  f l u x ,  and annea l ing  

t i m e .  To d a t e ,  on ly  i n d i v i d u a l  s o l a r  ce l l s  have been annealed thermal ly .  

An o b j e c t i v e  of  Cont rac t  NAS5-10445 i s  t o  develop two 1-square-foot s o l a r  

pane ls  w i t h  i n t e r c o n n e c t e d ,  o p e r a b l e  s o l a r  c e l l s  capable  of w i t h s t a n d i n g  

10 temperature  c y c l e s  from 20 t o  450°C. I n  a d d i t i o n ,  t h e  pane ls  must 

have an a u x i l i a r y  system t h a t  w i l l :  (1) produce t h e  h e a t  r e q u i r e d  t o  

e l e v a t e  t h e  p a n e l  t o  450°C w i t h i n  1 hour ,  and (2 )  swi tch  t h e  s o l a r  ce l l s  

from t h e  o p e r a t i n g  s t a t e  t o  t h e  annea l ing  s ta te ,  and vice v e r s a .  

A t  t h e  t i m e  t h i s  work w a s  s t a r t e d  t h e  most d i f f i c u l t  problems were a n t i -  

c i p a t e d  t o  be: 

1) Developing a p r a c t i c a l  method of  i n t e r c o n n e c t i n g  s o l a r  cells  s o  t h a t  

t h e  assembly can w i t h s t a n d  h e a t i n g  t o  450°C; 

Developing a p r a c t i c a l  s o l a r  o r  e l ec t r i ca l  method of  h e a t i n g  t h e  

p a n e l  t o  450 O C 

2 )  

This  r e p o r t  d e s c r i b e s  r e s u l t s  achieved dur ing  t h e  f i r s t  3 months of  a 

12-month program. 
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TECHNICAL DISCUSSION 

This  s e c t i o n  d e s c r i b e s  t h e  work accomplished d u r i n g  t h e  f i r s t  q u a r t e r  of 

t h e  12-month c o n t r a c t  i n  t h e  fo l lowing  order :  

1) Thermal-diffusion bonding; 

2 )  Shade motor e v a l u a t i o n ;  

3) Thermal a n a l y s i s  ; 

- 4 )  Panel  des ign .  

THERMAL-DIFFUSION BONDING 

The c o n t r a c t  work s t a t e m e n t  r e q u i r e s  t h a t  t h e  s o l a r - c e l l  p a n e l  be  capable  

of w i t h s t a n d i n g  10  c y c l e s  of temperature  change from 20 t o  450°C. The 

c r i t i c a l  element i s  t h e  s o l a r - c e l l  i n t e r c o n n e c t o r  j o i n t ,  which today is  

commonly made us ing  convent iona l  "sof t"  s o l d e r  having a mel t ing  p o i n t  of 

190°C. 

t empera tures ,  which are above 550"C,  create permanent damage i n  t h e  s o l a r  

c e l l .  Mechanical f a s t e n e r s  could w i t h s t a n d  450°C, b u t  they occupy p a n e l  

area and i n t r o d u c e  doubts  w i t h  r e s p e c t  t o  c o n t a c t  r e s i s t a n c e  fo l lowing  

temperature  c y c l i n g .  

Brazed i n t e r c o n n e c t o r s  do n o t  appear  p r a c t i c a l  because b r a z i n g  

A method w a s  sought  t o  j o i n  t h e  i n t e r c o n n e c t o r  t o  t h e  s o l a r  cel l  a t  a 

temperature  below 500°C without  t h e  j o i n t  f a i l i n g  a t  450°C. The method 

t h a t  appeared most s u i t a b l e  f o r  t h i s  t y p e  of  j o i n i n g  w a s  thermal-diffu-  

s i o n  bonding. The m e t a l s  t o  be  j o i n e d  are p laced  i n  i n t i m a t e  c o n t a c t  

under p r e s s u r e  and h e a t e d  t o  h a l f  t h e i r  m e l t i n g  p o i n t s ,  a t  which t i m e  

t h e  m e t a l s  d i f f u s e  t o g e t h e r  (Reference 3 ) .  A f t e r  d i f f u s i o n ,  t h e  j o i n t  

w i l l  n o t  s e p a r a t e  under moderate stress u n t i l  i t  is h e a t e d  t o  t h e  m e l t -  

i n g  p o i n t  of t h e  metal. 

This  technique  has  now been used t o  make t h e  j o i n t  between t h e  i n t e r -  

connector  and t h e  s o l a r  ce l l  (F igure  1). It produced an e x c e l l e n t  bond 

without  degrading t h e  s o l a r  c e l l .  The j o i n t s  have been found t o  b e  

capable  of w i t h s t a n d i n g  r e p e a t e d  temperature  c y c l e s  from 20 t o  50OOC. 
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The thermal -d i f fus ion  bonding t o o l  b u i l t  a t  Boeing f o r  making t h e  s o l a r -  

c e l l  i n t e r c o n n e c t o r  j o i n t  is shown i n  F igure  2. This  t o o l  is made from 

mild s teel .  It is based on two o t h e r  t o o l s  t h a t  were used t o  show t h e  

f e a s i b i l i t y  of us ing  thermal -d i f fus ion  bonding on s o l a r  cel ls .  T h i s  new 

t o o l  is  be ing  used t o  j o i n  i n t e r c o n n e c t o r s  t o  50 s o l a r  cel ls  t h a t  w i l l  

be  t e s t e d  e l e c t r i c a l l y  and mechanical ly .  

The s o l a r  cel ls  and silver-mesh i n t e r c o n n e c t o r  are  l o c a t e d  on t h e  t o o l  

base  as shown i n  F igure  3. The t o o l  t o p  is t h e n  p l a c e d  on t h e  assembly 

as shown i n  F igure  4 .  P r e s s u r e  i s  a p p l i e d  t o  t h e  j o i n t  w i t h  t h e  wedge- 

shaped p i s t o n  t h a t  is  i n s e r t e d  i n t o  t h e  sleeve (Figure  5) .  Copper rods 

are p laced  i n s i d e  t h e  p i s t o n  t o  act  as expansion members and t h e  s tee l  

b a r  i s  p laced  over  t h e  rods .  Nuts are screwed o n t o  t h e  s t u d s  and pres-  

s u r e  i s  a p p l i e d  t o  t h e  wedge. The n u t s  are t i g h t e n e d  f i n g e r t i g h t ,  p l u s  

one-eighth t u r n .  

The t o o l ,  w i t h  s o l a r  cells  and i n t e r c o n n e c t o r ,  i s  t h e n  p l a c e d  i n  a vac- 

uum chamber, which i s  evacuated t o  1 x 10 t o r r .  The t o o l  is  t h e n  h e a t e d  

t o  4 O O 0 C ,  a t  which temperature  i t  is  soaked f o r  20 minutes and then  cooled. 

-4 

A f t e r  c o o l i n g ,  t h e  s o l a r  c e l l  and i n t e r c o n n e c t o r  are removed from t h e  t o o l ,  

and t h e  j o i n t  i s  i n s p e c t e d  under a microscope. 

The r e q u i r e d  thermal -d i f fus ion  bonding p r e s s u r e  i s  5600 pounds p e r  s q u a r e  

inch  a t  t h e  j o i n t ,  b u t  t h e r e  is n o t  y e t  a n  a c c u r a t e  way of  measuring t h e  

p r e s s u r e  o r  of knowing what happens t o  t h e  p r e s s u r e  dur ing  h e a t i n g .  In- 

s p e c t i o n  of t h e  s a t i s f a c t o r i l y  completed j o i n t  s u g g e s t s  t h a t  t h e  c o r r e c t  

p r e s s u r e  is be ing  a p p l i e d  t o  t h e  j o i n t .  A p r e c i s e  way is  be ing  sought  t o  

measure t h e  p r e s s u r e  a t  t h e  j o i n t  and t o  c a l i b r a t e  t h i s  i n  t e r m s  of  a n  

a c c e p t a b l e  bond. 

s t i t u t e d  f o r  t h e  copper rods  i n  o r d e r  t o  c o n t r o l  t h e  f o r c e  a p p l i e d  t o  

t h e  t o p  of  t h e  p i s t o n .  

For  example, h a s t a l l o y  o r  i n c o n e l  s p r i n g s  w i l l  b e  sub- 

The temperature  used f o r  bonding i s  measured w i t h  a thermocouple a t t a c h e d  

t o  t h e  t o o l .  

thermal -d i f fus ion  process  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  temperatures  from 

250 t o  400°C. 

P r i o r  work i n  j o i n i n g  s i lver  t o  s i l v e r  showed t h a t  t h e  

However, t h e  theory  of d i f f u s i o n  f a v o r s  h igh  temperature  

4 



Figure 2: TOOL FOR THERMAL DIFFUSION BONDING TO SOLAR CELLS 
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Figure 4: PISTON APPLY1 NG PRESSURE TO SOLAR CELL I NTERCONNECTOR JOINT 
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Figure 5: EXPLODED VIEW OF THERMAL DIFFUSION BONDING TOOL 
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which a l s o  s h o r t e n s  d i f f u s i o n  t i m e .  , It w a s  decided t o  use  t h e  400°C 

tempera ture ,  which w a s  a t t a i n e d  by p l a c i n g  f i v e  400-watt h e a t e r s  in .  t h e  

t o o l  and c o n t r o l l i n g  t h e  power wi th  a Variac. 

I n  t h e  i n i t i a l  work, t h e  t i m e  a t  bonding tempera ture  d i d  no t  appear  t o  b e  

t o o  c r i t i c a l .  S i l v e r  w a s  bonded t o  s i l v e r  through a range of 1 t o  10 

minutes  w i t h  good bonds r e s u l t i n g .  Bonding t i m e s  of less than  1 minute 

w e r e  no t  i n v e s t i g a t e d  because a t  t h i s  t i m e  t h e r e  appeared t o  be  no advan- 

t a g e  t o  s h o r t e r  t i m e s .  With t h e  t o o l s  be ing  used, t h e  h e a t i n g  and coo l ing  

cyc le  t akes  about 100 minutes .  

However, a f t e r  s e v e r a l  bonds were made between t h e  i n t e r c o n n e c t o r  and 

s o l a r  c e l l  w i th  a bonding t i m e  of 5 minutes ,  i t  w a s  s een  t h a t  t h e  bond 

w a s  no t  cont inuous and would l i f t  up a t  t h e  ends.  The t i m e  w a s  i nc reased  

i n  5-minute s t e p s ,  and a t  20 minutes  i t  w a s  found t h a t  good cont inuous 

bonds could b e  made r epea ted ly .  A 20-minute soak t i m e  is  c u r r e n t l y  be ing  

used f o r  forming t h e  interconnector/solar-cell j o i n t .  

Reference 3 states t h a t  thermal-compression bonding must b e  done i n  

e i t h e r  a vacuum o r  i n  an i n e r t  atmosphere. Because of t h e  a v a i l a b i l i t y  of 

vacuum chambers i n  t h e  Boeing s o l a r  power l a b o r a t o r y ,  i t  w a s  decided t o  

do t h e  bonding i n  vacuum. An advantage of  us ing  vacuum i s  t h a t  p a r t s  

be ing  bonded become c l ean  as they are hea ted .  The h i g h e s t  a i r  p r e s s u r e  

t h a t  can be  used dur ing  bonding h a s  n o t  y e t  been determined. 

of 1 x t o r r  w a s  a r b i t r a r i l y  s e l e c t e d  because t h i s  i s  a p r e s s u r e  t h a t  

can b e  e a s i l y  a t t a i n e d  w i t h i n  a few minutes a f t e r  roughing t h e  vacuum 

chamber. 

A p r e s s u r e  

The vacuum system be ing  used f o r  t h i s  work c o n s i s t s  of a 14-inch-diameter 

b e l l  j a r  t h a t  is  pumped w i t h  a Consol ida ted  Vacuum Corporat ion (CVC) 4-inch 

d i f f u s i o n  pump and rough-pumped w i t h  a Heraus Model DK 20 pump. 

vacuum s y s t e m ’ w i l l  b e  used f o r  t h e  thermal -d i f fus ion  bonding dur ing  t h e  

i n t e r c o n n e c t o r  development. The maximum p r e s s u r e  t h a t  can be  used dur ing  

bonding w i l l  b e  determined because a vacuuin chamber may n o t  b e  a v a i l a b l e  

f o r  bonding t h e  q u a n t i t y  of s o l a r  cells t h a t  w i l l  b e  needed t o  make t h e  

l - square- foot ,  s o l a r - c e l l  pane l .  

This  

9 



PERFORMANCE CURVES ON SOLAR CELLS 

The c e l l / i n t e r c o n n e c t o r  assembl ies  used i n  performance tests repor t ed  

h e r e i n  w e r e  made wi th  one of t h e  e a r l y  thermal -d i f fus ion  bonding t o o l s .  

This  t o o l  produced good j o i n t s ,  b u t  t h e  c e l l  breakage w a s  about 50%. 

The new t o o l  p rev ious ly  desc r ibed  has  so lved  t h i s  breakage problem. 

The performance of s o l a r  cel ls  w a s  measured b e f o r e  thermal -d i f fus ion  

bonding, and aga in  a f t e r  bonding. It w a s  f e l t  t h a t  more than  5% dec rease  

i n  c e l l  maximum power would b e  unacceptable .  A group of 15 low-ef f ic iency ,  

2- by 2-cm s o l a r  cel ls  w a s  s e l e c t e d  f o r  t h i s  f i r s t  s tudy .  The ce l l s  w e r e  

washed i n  e t h a n o l ,  and performance curves were drawn. Of t h e  15 s o l a r  

cel ls ,  only  seven showed a "knee" i n  t h e  cur ren t -vol tage  (IV) curve.  

A l l  curves  showed a low s h o r t - c i r c u i t  c u r r e n t  f o r  t h e  s o l a r - c e l l  s i z e  and 

t h e  tes t  c o n d i t i o n s ,  which w e r e  a 28°C s o l a r - c e l l  temperature  and a l i g h t  

i n t e n s i t y  of 100 mw/sq cm from an u n f i l t e r e d  xenon lamp. 

In t e rconnec to r s  were then  bonded t o  t h e  "n" c o n t a c t  of t h e  s o l a r  c e l l  and 

t h e  performance w a s  aga in  measured. Of t h e  seven good cel ls ,  only fou r  

w e r e  bonded t o  i n t e r c o n n e c t o r s  w i thou t  t h e  c e l l  b reaking .  The performance 

of t h e s e  f o u r  s o l a r  c e l l s  w a s  measured a g a i n ,  and t h e  change i n  t h e  maxi- 

mum power i s  

Table  I: 

C e l l  No. 

7 

8 

9 

18 

shown i n  Table  I. 

SOLAR-CELL PERFORMANCE AFTER THERMAL-DIFFUSION BONDING 

Maximum-Power Change Resu l t ing  
From Bonding (%) 

+ 4.9 

+ 3.9 

- 5.9 

+ 4.2 

An I V  curve,  showing t h e  performance i n c r e a s e  measured a f t e r  bonding, i s  

shown i n  F igure  6. 
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The r e p r o d u c i b i l i t y  of s o l a r - c e l l  performance curves  w i t h  t h e  l a b o r a t o r y  

se tup  is t 2 % .  The d a t a  i n  Table  I shows t h a t  t h r e e  of t h e  fou r  s o l a r  c e l l s  

developed inc reased  output  a f t e r  d i f f u s i o n  bonding. A p o s s i b l e  exp lana t ion  

appears  i n  Reference 2 where i t  is shown t h a t  s o l a r  cells i n c r e a s e  i n  out- 

pu t  a f t e r  hea t ing .  However, i t  m u s t  a l s o  be  noted t h a t  t h e  c e l l s  t e s t e d  

were n o t  h igh-qual i ty  cel ls ,  and t h e  e f f e c t  of h e a t i n g  on t h e i r  o r i g i n a l l y  

poor performance is obscure.  

The dec rease  i n  performance of s o l a r - c e l l  No. 9 cannot be  expla ined  a t  t h i s  

t i m e .  The bond appeared good and no cracks  could b e  seen  i n  t h e  s o l a r  ce l l .  

One o t h e r  s o l a r  c e l l  t h a t  showed a decrease  i n  performance a f t e r  thermal- 

d i f f u s i o n  bonding w a s  examined under a microscope. A chip  a t  one co rne r  

a t  t h e  "n" con tac t  could b e  observed. 

f o r  degrada t ion  i n  t h e  s o l a r  ce l l .  

This  ch ip  appeared t o  b e  t h e  cause 

These d a t a  show t h a t  a s o l a r  c e l l  can be  j o i n e d  t o  an in t e rconnec to r  us ing  

thermal -d i f fus ion  bonding. However, t o  show conc lus ive ly  t h a t  t h i s  i s  a 

good p rocess ,  20 good ce l l s  w i l l  b e  bonded wi th  t h e  new t o o l .  Test r e s u l t s  

w i l l  be  analyzed s t a t i s t i c a l l y .  

next  q u a r t e r l y  r e p o r t .  

The r e s u l t i n g  d a t a  w i l l  appear  i n  t h e  

SOLAR TESTS ON CELL-INTERCONNECTOR J O I N T  

The e i g h t  s o l a r  c e l l s  t h a t  showed poor performance p r i o r  t o  bonding w e r e  

s e l e c t e d  f o r  t h e  s h e a r  tests.  In t e rconnec to r s  w e r e  bonded t o  t h e  s o l a r  

c e l l s  and aga in  t h e  a t t r i t i o n  through breakage w a s  appa l l ing .  However, 

enough p ieces  were sa lvaged  t o  make s h e a r  tests on t h e  i n t e r c o n n e c t o r  t o  

s o l a r - c e l l  j o i n t .  A clamp w a s  made t o  g ra sp  t h e  i n t e r c o n n e c t o r ,  and t h e  

s o l a r  c e l l  w a s  h e l d  f i rmly  between t h e  f i n g e r s .  The clamp w a s  loaded w i t h  

weights  u n t i l  t h e  j o i n t  f a i l e d .  The r e s u l t s  of t h i s  test are shown i n  

Table 11. 
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Table 11: RESULTS OF SHEAR TESTS ON THERMAL-DIFFUSION-BONDED 
INTERCONNECTOR TO SOLAR-CELL JOINTS 

C e l l  No. 

10 

11 

15 

16  

Load ( G r a m s )  

500 

1 2  50 

7 50 

500 

This  test i s  n o t  conc lus ive ,  b u t  w a s  done only  t o  e s t a b l i s h  conf idence  i n  

t h e  mechanical s t r e n g t h  of t h e  bonded j o i n t .  

f a i l u r e  occurred  i n  t h e  silver mesh o r  t h e  c o n t a c t  p u l l e d  away from t h e  

ce l l .  

i t  appears  t h a t  a j o i n t  formed by the rma l -d i f fus ion  bonding is  s t r o n g e r  

than  t h e ' s i l v e r  mesh, and s t r o n g e r  than  t h e  c o n t a c t - t o - s i l i c o n  j o i n t .  

I n  a l l  tests e i t h e r  t h e  

I n  no case  d i d  t h e  bonded j o i n t  s e p a r a t e .  From t h i s  i n i t i a l  d a t a  

With t h e  new bonding t o o l ,  20 ce l l s  w i l l  b e  j o i n e d  and t e s t e d  us ing  t h e  

Unit  Micropul l  Pu l l -S t r eng th  Tester. 

s t a t i s t i c a l l y ,  and t h e  d a t a  w i l l  b e  p re sen ted  i n  t h e  nex t  q u a r t e r l y  

r e p o r t .  

The r e s u l t s  w i l l  b e  analyzed 

MICROSCOPE EVALUATION OF INTERCONNECTOR J O I N T  

Four of t h e  s o l a r  c e l l s  w e r e  c ross -sec t ioned  pe rpend icu la r  t o  t h e  "n" 

c o n t a c t ,  po l i shed ,  and photographed wi th  an e l e c t r o n  microscope. A p ic -  

t u r e  of t h e  c ros s  s e c t i o n  of one of t h e  s o l a r  c e l l / i n t e r c o n n e c t o r  j o i n t s  

(which is  t y p i c a l  of t h e  o t h e r s )  is shown i n  F igu re  7.  The f i n e  b l a c k  

l i n e  above t h e  'hrr con tac t  is  t h e  boundary between t h e  con tac t  and t h e  

i n t e r c o n n e c t o r .  A c l o s e  examinat ion of t h i s  l i n e  shows where t h e  g r a i n s  

of m e t a l  have coa lesced  a c r o s s  t h e  boundary. This  g r a i n  growth ac ross  

t h e  boundary shows t h a t  t h e  i n t e r c o n n e c t o r  and c o n t a c t  are forming i n t o  

one p a r t ,  which i s  t h e  b e s t  t ype  of bond one can expec t .  
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THERMAL CYCLING OF SOLAR CELL AND INTERCONNECTOR 

The c o n t r a c t  r e q u i r e s  t h a t  t h e  s o l a r - c e l l  pane l  be  capable  of w i ths t and ing  

10 tempera ture  cyc le s  from 20 t o  450°C. I n  view of t h i s  requirement ,  

t h r e e  s o l a r  c e l l s  w i th  bonded i n t e r c o n n e c t o r s  w e r e  cyc led  10 t i m e s  from 

20 t o  500 "C. 
from t h e  s o l a r  c e l l  a f t e r  r epea ted  cyc le s .  

This  t es t  shows t h a t  t h e  i n t e r c o n n e c t o r  w i l l  n o t  s e p a r a t e  

During t h e  next  r e p o r t i n g  p e r i o d  t h e  thermal  cyc l ing  test  w i l l  b e  repea ted  

and performance curves of t h e  s o l a r  c e l l  w i l l  b e  ob ta ined  b e f o r e  and a f t e r  

t h e  tes t  t o  determine degrada t ion  i f  any from thermal  cyc l ing .  

The work done dur ing  t h i s  q u a r t e r l y  r e p o r t i n g  pe r iod  i n d i c a t e d  t h a t  thermal- 

d i f f u s i o n  bonding can be  used wi th  s o l a r  c e l l s ,  t h e  process  w i l l  n o t  de- 

grade t h e  s o l a r  c e l l ,  and t h e  bond w i l l  n o t  f a i l  a f t e r  repea ted  tempera ture  

cyc le s  t o  450°C. This  work i s  p r i m a r i l y  exp lo ra to ry ,  and t h e  incomplete- 

nes s  of t h e  tests and t h e  inadequacy of sample s i z e  should  b e  recognized.  

With t h e  new bonding t o o l ,  c e l l s  w i l l  b e  s y s t e m a t i c a l l y  measured, bonded, 

and t e s t e d .  The tes t  d a t a  w i l l  be analyzed s t a t i s t i c a l l y  and i t  w i l l  show 

(hopefu l ly)  t h a t  thermal -d i f fus ion  bonding w i l l  s a t i s f a c t o r i l y  m e e t  and 

exceed t h e  requirements  of t h e  work s ta tement .  

SHADE MOTOR EVALUATION 

An e l e c t r i c  motor i s  r equ i r ed  f o r  drawing a shade over  t h e  pane l  dur ing  

t h e  thermal  annea l ing  and f o r  r e t r a c t i n g  t h e  shade a f t e r  anneal ing.  

space  f l i g h t  a space -qua l i f i ed ,  b r u s h l e s s ,  d .c .  e lec t r ic  motor would b e  

requi red .  These motors c o s t  from $2,500 t o  $50,000 each,  a p r o h i b i t i v e  

sum f o r  t h e  demonstrat ion panels  t o  b e  b u i l t  on t h i s  c o n t r a c t .  Boeing 

proposes  t o  use  400-Hz a.c. motors on t h e  pane l s  f o r  t h i s  c o n t r a c t ,  b u t  

w i l l  show on supplementary drawings t h e  b r a c k e t s  and a c c e s s o r i e s  r equ i r ed  

f o r  t h e  space -qua l i f i ed  motors.  

For 
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TESTS ON 400-HZ MOTORS 

Two 400-Hz motors were procured and opera ted  i n  vacuum a t  a p r e s s u r e  of 

25 microns f o r  1 hour .  A t  t h e  end of t h e  test t h e  motors were s topped 

and r e s t a r t e d  t o  determine i f  t h e  b e a r i n g s  would s e i z e .  

no ted .  

No s e i z u r e  w a s  

One motor, made by Induc t ion  Motors Corp., is  geared  t o  run a t  50 rpm. 

The o t h e r  motor,  made by Globe I n d u s t r i e s ,  Inc . ,  is  geared  t o  run a t  4.0 

rpm. The lower-speed motor appears  t o  b e  b e t t e r  s u i t e d  f o r  t h i s  p a r t i c u -  

l a r  a p p l i c a t i o n .  

Space-qual i f ied  bea r ings  can b e  ob ta ined  from The Barden Corporat ion i n  

t h e  event  t h a t  b e a r i n g  s e i z u r e  becomes a problem. Also,  a l l  gears  and 

moving p a r t s  can be coa ted  wi th  molybdenum-disulfide us ing  a Boeing 

process  (BAC 58-11). This  process  w a s  used on p a r t s  flown on t h e  Lunar 

O r b i t e r  s p a c e c r a f t  

THERMAL ANALYSIS 

To have coo l  s o l a r  cells  t h a t  are e f f i c i e n t  i n  space ,  t h e  f r o n t  s u r f a c e  

of t h e  s o l a r  c e l l s  and t h e  back s u r f a c e  of t h e  pane l  m u s t  have a h igh  

thermal  emi t tance .  However, t h e  high emi t tance  of t h e  pane l  s u r f a c e s  i s  

n o t  compatible wi th  h e a t i n g  t h e  pane l  t o  450°C. To h e a t  a 1-square-foot 

pane l  t o  450°C i n  space  wi thou t  a shroud would r e q u i r e  2700 w a t t s .  

To reduce t h e  power r equ i r ed  f o r  h e a t i n g ,  a r e t r a c t a b l e  cover  w i l l  b e  

drawn over  t h e  f r o n t  and back of t h e  pane l  dur ing  annea l ing .  It has  been 

sugges ted  by NASA-Goddard Space F l i g h t  Center  t h a t  t h e  cover ing  on t h e  

f r o n t  of t h e  pane l  b e  made from materials such as H-film t h a t  would pro- 

mote "greenhouse" hea t ing .  

f o r  h e a t i n g  t h e  pane l  i n  space  are: (1) greenhouse h e a t i n g  w i t h  H-film 

and coated H-film, ( 2 )  e l e c t r i c a l  h e a t i n g  by p a s s i n g  c u r r e n t  i n  t h e  

forward d i r e c t i o n  through t h e  s o l a r  c e l l s ,  and (3 )  h e a t i n g  by a combina- 

t i o n  of (1) and (2 ) .  

The t h r e e  methods Boeing is  i n v e s t i g a t i n g  
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Work h a s  been done i n  ana lyz ing  methods (1) and ( 2 ) .  The c h a r a c t e r i s t i c s  

of s o l a r  ce l l s  wi th  1 ampere of c u r r e n t  a t  v a r i o u s  tempera tures  have been 

i n v e s t i g a t e d .  These s o l a r - c e l l  c h a r a c t e r i s t i c s  are important  i n  t h a t  they 

e s t a b l i s h  t h e  power t h a t  can be  r e l e a s e d  as h e a t  by t h e  s o l a r  ce l l s  w h i l e  

c a r r y i n g  c u r r e n t .  

GREENHOUSE METHOD 

The i n i t i a l  thermal  a n a l y s e s  of t h e  greenhouse method were based on t h e  

back s i d e  of t h e  s o l a r  c e l l  a r r a y  be ing  a d i a b a t i c  (no h e a t  l o s s e s ) .  This  

assumption i s  j u s t i f i e d  on t h e  b a s i s  t h a t  i n i t i a l  ana lyses  are only f e a s i -  

b i l i t y  s t u d i e s  of t h e  method. The problem i s  t h e n  one of s o l a r  r a d i o s i t y  

and i n f r a r e d  r a d i a t i o n  on t h e  Sun s i d e  of t h e  s o l a r - c e l l  a r r a y .  

A simple i t e r a t ive  BLITZ ( s i m p l i f i e d  FORTRAN) program w a s  w r i t t e n  t o  s o l v e  

t h e  r a d i o s i t y  problem i n  t h e  s o l a r  spectrum. This  program uses  t h e  equa- 

t i o n s  presented  i n  F igure  8 t o  s o l v e  f o r  t h e  s o l a r  h e a t  i n p u t ,  Q ,  t o  each 

of  t h e  n l a y e r s  of H-film and t h e  s o l a r  cel ls .  The o p t i c a l  p r o p e r t i e s  of 

t h e  H-film and t h e  s o l a r  ce l l s  are g iven  as w e l l  as t h e  s o l a r  f l u x ,  S .  

S o l a r  r e f l e c t a n c e  i s  p ,  s o l a r  t r a n s m i t t a n c e  is  T ,  and r a d i o s i t y  i s  J. 

Given t h e  s o l a r  h e a t  i n p u t ,  Q,  t o  each of  t h e  n l a y e r s  o f  H-film and t h e  

s o l a r - c e l l  a r r a y ,  r a d i a t i o n  h e a t  ba lance  equat ions  can b e  w r i t t e n  f o r  each 

l a y e r  and t h e  s o l a r - c e l l  a r r a y  us ing  t h e  fo l lowing  t e r m s :  

4 4 
1 F F 1  Q + 09 ( T i  - T1) = GE. T 
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where: 

0 = Stephan-Holtzmann cons tan t  

t = i n f r a r e d  emi t tance  of t h e  H-film ( c  + P = 1) 
F I R  

I - 
'CF - 1 / ~ ~  + l / tCF -1 

t = i n f r a r e d  emi t tance  of t h e  s o l a r  cel ls .  CF 

These terms can b e  rear ranged  and manipulated t o  g i v e  t h e  fol lowing 

equat ion  f o r  t h e  s t e a d y - s t a t e  temperature  of t h e  s o l a r - c e l l  a r r a y :  

n 

i=l 

I n i t i a l  c a l c u l a t i o n s  of t h e  s t e a d y - s t a t e  s o l a r - c e l l  temperatures  wi th  

assumptions as shown are presented  below, assuming a near-Earth s o l a r  

cons tan t  (442  Btu/hr  f t  ) :  
2 

1 6 0.7 0.841 0.083 0.076 0.85  0.60 372 
2 8 0.7 0 .841  0.083 0.076 0.85 0.60 39 6 
3 10 0.7 0.841 0 .083  0.076 0.85 0.60 412 
4 10 0.7 0.349 0.301 0.35 0.85 0.60 201 

Cases 1 through 3 w e r e  performed i n i t i a l l y  f o r  o p t i c a l  s o l a r  p r o p e r t i e s  

thought t o  b e  i n d i c a t i v e  of uncoated H-film (Reference 4 ) .  

yses  of uncoated H-film l e d  t o  t h e  fol lowing p r o p e r t i e s  ( s o l a r ) :  

F u r t h e r  anal-  

(r = 0.276 

T = 0.635 

= 0.089 
PS 

S 

S 
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I n  a d d i t i o n ,  i t  appears  from t h e  l i m i t e d  d a t a  a v a i l a b l e  ( t o  2 . 7  microns) 

t h a t  uncoated H-film may be  h i g h l y  t r a n s p a r e n t  i n  t h e  i n f r a r e d ,  t h u s  ren- 

d e r i n g  t h e  above a n a l y s i s  i n c o r r e c t  and t h e  f e a s i b i l i t y  zero.  Addi t iona l  

s p e c t r a l  d a t a  on H-film are be ing  obta ined .  

Case 4 i s  r e p r e s e n t a t i v e  of coa ted  H-film (Reference 4 ) .  Here, t h e  H-film 

indeed appears  opaque i n  t h e  i n f r a r e d  and a l s o  appears  t o  e x h i b i t  a low 

emi t tance .  Again, however, a d d i t i o n a l  s p e c t r a l  d a t a  i s  r e q u i r e d  b e f o r e  a 

f i r m  conclusion can b e  reached. What i s  d e s i r e d  i s  a f i l m  opaque i n  t h e  

i n f r a r e d  wi th  a low emi t tance  and y e t  having h igh  t ransparency  i n  t h e  

s o l a r  spectrum. 

ELE CTRI CAL HEAT I N  G 

A thermal  mathematical  model of  an e l e c t r i c a l l y  h e a t e d  panel  has  been 

programmed on t h e  Boeing Engineer ing Thermal Analyzer (BETA-11). The 

i n i t i a l  model assumed t h e  use  of  10 l a y e r s  o f  1 - m i l  aluminum f o i l  on 

each s i d e  of t h e  p a n e l ,  p laced  a t  a l a y e r  d e n s i t y  o f  20 l a y e r s  p e r  i nch .  

Layer d e n s i t y  a f f e c t s  edge h e a t  l o s s e s .  The aluminum i s  assumed t o  b e  

opaque w i t h  an i n f r a r e d  emi t tance  of  0.03. I n f r a r e d  emi t tance  of  each 

s i d e  of t h e  p a n e l  i s  assumed t o  be  0 . 8 5 ,  and t h e  i n f r a r e d  emi t tance  o f  

t h e  exposed edges of t h e  p a n e l  i s  assumed t o  b e  0.10. 

With t h e s e  c o n d i t i o n s ,  F igure  9 p r e s e n t s  t h e  s t e a d y - s t a t e  e q u i l i b r i u m  

temperature  of  t h e  s o l a r  ce l l s  as a f u n c t i o n  of t h e  h e a t  i n p u t .  It shows 

t h a t  t h e  s o l a r  ce l l s  a t  450°C must d i s s i p a t e  45 w a t t s  p e r  square  f o o t  of 

power a t  s t e a d y - s t a t e  c o n d i t i o n s .  However, 45 w a t t s  i s  n o t  enough power 

t o  h e a t  t h e  s o l a r  ce l l s  t o  450°C i n  less than  1 hour.  

It w i l l  b e  shown l a t e r  t h a t  s o l a r - c e l l  c h a r a c t e r i s t i c s  are such t h a t  more 

than  45 w a t t s  p e r  s q u a r e  f o o t  might b e  r e l e a s e d  a t  lower temperatures  t o  

b r i n g  t h e  p a n e l  temperature  t o  450°C i n  less t h a n  1 hour.  T h i s  assumes 

t h a t  t h e  s o l a r  cells can w i t h s t a n d  t h e  c u r r e n t  necessary  f o r  t h i s  power 

wi thout  degrading. 
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The s t e a d y - s t a t e  tempera ture  of  4 5 0 ° C  w i l l  r e q u i r e  0.77 ampere i n  t h e  

forward d i r e c t i o n  through t h e  s o l a r  cel ls .  F u r t h e r  t r a d e s  w i t h  r e s p e c t  

t o  t h e  number of l a y e r s  of i n s u l a t i o n  ve r sus  t h e  power requirements w i l l  

be  made when i t  is  l ea rned  how much c u r r e n t  a s o l a r  cel l  can wi ths t and  a t  

4 5 0 ° C  wi thout  degrading. 

SOLAR-CELL CHARACTERISTICS DURING HEATING 

I n  t h e  even t  t h a t  Method 2 o r  3 is  used t o  h e a t  t h e  s o l a r  pane l ,  i t  i s  

necessary  t o  know t h e  c h a r a c t e r i s t i c s  of s o l a r  cel ls  a t  h igh  tempera tures .  

A 1- by 2-cm s o l a r  c e l l  w a s  p l aced  i n  a dark  chamber and l e a d s  were con- 

nec ted  on t h e  ' h l '  and "p" c o n t a c t s  mechanically.  The forward c u r r e n t  of 

t h e  c e l l  w a s  measured as a f u n c t i o n  of v o l t a g e  a t  tempera tures  from 40 t o  

500OC.  The r e s u l t i n g  curves  appear i n  F igu re  10. This  curve shows t h a t  

w i th  cons t an t  c u r r e n t ,  and a t  t h e  low t empera tu res ,  a g r e a t e r  amount of 

power can be r e l e a s e d  as h e a t  than  a t  t h e  h i g h e r  tempera tures .  It a l s o  

shows t h a t  cons tan t -vol tage  h e a t i n g  wi thout  a c u r r e n t  l i m i t  c r e a t e s  a 

runaway c o n d i t i o n .  

With 10 l a y e r s  of aluminum-foil shading ,  45 w a t t s  p e r  squa re  f o o t  of 

power i s  r e q u i r e d  a t  4 5 0 ° C .  

s o l a r  ce l l .  The performance of t h e  s o l a r  cells  a f t e r  be ing  hea ted  t o  

4 5 0 ° C  w i th  0 . 7 7  ampere  of  c u r r e n t  has  no t  y e t  been measured. 

formance of  s o l a r  ce l l s  b e f o r e  and a f t e r  h e a t i n g  t o  4 5 0 ° C  w i l l  b e  m e a s -  

ured t o  determine degrada t ion  due t o  h igh  c u r r e n t .  A t r a d e  w i l l  then  be 

made as t o  t h e  amount of shade i n s u l a t i o n  ve r sus  t h e  power requi rements  

t o  h e a t  t h e  pane l  and ma in ta in  a s t e a d y - s t a t e  tempera ture .  

This corresponds t o  0 .77  ampere through t h e  

The per- 

PANEL DESIGN 

The pane l  des ign  i s  comprised of  two p a r t s .  The f i r s t  p a r t  is  t h e  des ign  

of a s t r u c t u r e  t h a t  is  l i g h t w e i g h t ,  capable  of suppor t ing  s o l a r  cel ls ,  

and capable  of 10 r e p e a t e d  tempera ture  c y c l e s  from room tempera ture  t o  

4 5 0 ° C  i n  vacuum. The second p a r t  i s  t h e  des ign  of a shade w i t h  t h e  sup- 

p o r t i n g  reels and necessa ry  g e a r  t r a i n s  and p u l l e y s  f o r  ex tending  and 
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r e t r a c t i n g  t h e  shade i n  vacuum at  450°C. 

t u r e  cannot b e  d i scussed  a t  t h i s  t i m e  because  i t s  des ign  depends on t h e  

r e s u l t s  of  t h e  thermal  a n a l y s i s .  

The shade and suppor t ing  s t r u c -  

SUBSTRATE DESIGN 

A pre l imina ry  pane l  des ign  is  shown i n  F igu re  11. The pane l  s u b s t r a t e  i s  

5-mil woven f i b e r g l a s s  c l o t h  t h a t  i s  suppor ted  around t h e  edge wi th  a 

Kovar-channel frame. S o l a r  cells are cemented t o  t h e  s u b s t r a t e  w i t h  ce- 

ramic cement. Cement w i l l  b e  p laced  between t h e  Kovar channels  t o  prevent  

t h e  f i b e r g l a s s  from unrave l ing  i f  t h i s  becomes a problem. A l l  materials 

are based on t h e i r  a b i l i t y  t o  r e t a i n  s t r e n g t h  a t  e l e v a t e d  temperatures  

and on t h e i r  c o e f f i c i e n t s  of thermal  expansion.  

The f i b e r g l a s s  c l o t h  has  a thermal  emi t t ance  of 0.80 on t h e  back s i d e  

wi th  a s o l a r  c e l l  cemented t o  t h e  f r o n t  s i d e  of t h e  c l o t h .  This  h igh  

emi t tance  e l i m i n a t e s  t h e  need f o r  a thermal  c o n t r o l  coa t ing  on t h e  back 

of  t h e  pane l .  The cements used t o  hold  t h e  s o l a r  ce l l s  w i l l  be kept  as 

t h i n  as p o s s i b l e ,  perhaps 3 t o  5 m i l s ,  t o  o b t a i n  h igh  thermal  conduc- 

t i v i t y  from t h e  s o l a r  cel l  t o  t h e  back of  t h e  pane l  t o  keep c e l l  t e m -  

p e r a t u r e  low f o r  e f f i c i e n t  s o l a r  energy conversion.  The Kovar channels  

w i l l  be  r i v e t e d  t o g e t h e r , a n d  s t a i n l e s s  steel  b r a c k e t s  w i l l  be  p laced  on 

t h e  ends f o r  suppor t ing  t h e  shade reels and motor. 

A t r i a l  p a n e l  w i th  c u l l  s o l a r  cells w i l l  be  b u i l t  and t e s t e d  b e f o r e  t h e  

f i n a l  pane l  des ign  i s  adopted.  This  w i l l  b e  done dur ing  t h e  t h i r d  q u a r t e r  

of  t h i s  c o n t r a c t  pe r iod .  

24 
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NEW TECHNOLOGY 

A thermal -d i f fus ion  bonding process  has  been developed f o r  making metal 

bonds between t h e  s i lver  i n t e r c o n n e c t o r  and t h e  s o l a r  c e l l .  The bonds 

have been t e s t e d ,  and t h e  r e s u l t s  of t h e s e  tests are shown i n  the  tech-  

n i c a l  d i s c u s s i o n .  

I n  t h i s  new p rocess ,  a s i lver  in t e rconnec to r  i s  brought  i n t o  c o n t a c t  w i th  

a s o l d e r l e s s ,  s i l i c o n  s o l a r  c e l l .  A p r e s s u r e  of approximately 5600 

pounds p e r  squa re  inch  is  app l i ed  t o  t h e  j o i n t ,  and t h e  assembly is  

hea ted  t o  4 O O O C  i n  vacuum, then allowed t o  "soak" f o r  20 minutes .  

p rope r ly  made bond i s  a m e t a l  d i f f u s i o n  of s i lver  i n t o  s i l v e r  and i s  as 

s t r o n g  and as e l e c t r i c a l l y  conduct ing as t h e  s i l v e r  i t s e l f .  It has  with-  

s tood  10 c y c l e s  from 20 t o  5 O O O C  and should  wi ths t and  temperatures  up t o  

t h e  me l t ing  p o i n t  of s i l v e r ,  This p rocess ,  which e l i m i n a t e s  t h e  need f o r  

s o l d e r  and f l u x e s ,  appears  adap tab le  t o  mass product ion .  

A 
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PROGRAM FOR NEXT REPORTING INTERVAL 

The work t h a t  w i l l  be  done f o r  t h e  next  q u a r t e r  is as follows: 

1) Continue i n t e r c o n n e c t o r  bonding development; 

2 )  T e s t  and select  a n  adhes ive  f o r  bonding t h e  s o l a r  ce l l s  t o  t h e  

s u b s t r a t e ;  

3 )  F i n i s h  t h e  thermal  a n a l y s i s ;  

4 )  Design t h e  shade  and accessory  equipment. 

The i n t e r c o n n e c t o r  bonding development w i l l  undoubtedly cont inue  u n t i l  

t h e  l a s t  s o l a r  c e l l  i s  bonded t o  t h e  i n t e r c o n n e c t o r  and placed on t h e  

pane l .  

made on 20 s o l a r  cel ls  t o  determine i f  a s i g n i f i c a n t  change h a s  occurred  

i n  s o l a r  c e l l  performance dur ing  process ing .  The a n a l y s i s  w i l l  c o n s i s t  

of two tests,  t h e  "F" test  and t h e  "t" tes t ,  and w i l l  b e  made a t  a 95% 

conf idence  level.  

t h e r e  i s  a s i g n i f i c a n t  d i f f e r e n c e  between t h e  v a r i a n c e s  of two groups o f  

d a t a .  

However, dur ing  t h e  next  q u a r t e r  a s t a t i s t i ca l  a n a l y s i s  w i l l  b e  

The "F" t es t  provides  a means of determining whether 

2 2 
m n F = S  / S  

2 2 
m n where S i s  t h e  v a r i a n c e  of Data Group 1 w i t h  m degrees  of freedom, S 

2 2  
i s  t h e  v a r i a n c e  of Data Group 2 w i t h  n degrees  of  freedom and S > S n .  m 
Variance is a measure of d i s p e r s i o n  of  a frequency d i s t r i b u t i o n .  

C a l c u l a t i o n s  and u s e  o f  v a r i a t i o n  and s t a n d a r d  d e v i a t i o n  are found i n  

texts.  

between two means. With t h i s  test  w e  can determine whether  t h e  d i f f e r -  

ence between two means may b e  due t o  chance, and t h a t  t h e  process  has  n o t  

n e c e s s a r i l y  made a change i n  t h e  c h a r a c t e r i s t i c s  of t h e  ce l l s ;  o r  w e  can 

determine t h a t  t h e  two averages  do d i f f e r  w i t h  any d e s i r e d  degree  of  

c e r t a i n t y .  

The "t" test i s  used t o  t e s t  f o r  t h e  s i g n i f i c a n c e  of t h e  d i f f e r e n c e  

27 



For p a i r e d  v a r i a t e s  w i th  before-and-af ter  d a t a  ob ta ined  on t h e  same samples: 

where = C (XB C- X ) / n  
i Ai i 

% = b e f o r e  d a t a  

X = a f t e r  d a t a  

S = s t anda rd  d e v i a t i o n  of t h e  d i f f e r e n c e  d a t a  

n = number of d a t a  p o i n t s  

A 

A modi f i ca t ion  t o  t h e  equa t ion  f o r  “t” must be  made i f  t h e  comparison is  

t o  be made between unpaired v a r i a t e s ,  i . e . ,  n o t  t h e  same samples f o r  bo th  

sets of d a t a .  

I f  bo th  sets of d a t a  are  of t h e  same sample s i z e ,  then 

- 
where k = “i , X2 = ‘2 and S1 and S2 are t h e  r e s p e c t i v e  s t anda rd  devia-  1 -  n n 

t i o n s  of t h e  sets of d a t a .  

E l e c t r i c a l  parameters  w i l l  be  obta ined  from volt-ampere curves  of t h e  c e l l  

i l l u m i n a t e d  wi th  a xenon l i g h t  sou rce  a t  an i n t e n s i t y  of 100 mw p e r  sq  

c m  as determined wi th  He l io t ek  s t anda rd  ce l l  No. 130. The test c e l l  

mounting b lock  w i l l  b e  main ta ined  a t  28 * 1 ° C .  

s t a t i s t i c a l l y  eva lua ted  from t h e  curve w i l l  b e  t h e  s h o r t - c i r c u i t  c u r r e n t ,  

Isc, open-c i r cu i t  v o l t a g e ,  

which is  nea r  t h e  maximum-power p o i n t  of t h e  c e l l s .  

The parameters  t o  b e  

and t h e  c u r r e n t  a t  0.47 v o l t ,  Io,47v, voc , 

I f  a s i g n i f i c a n t  s t a t i s t i ca l  change has  occur red ,  t hen  an engineer ing  

e v a l u a t i o n  must be  made t o  determine whether t h e  change has  s i g n i f i c a n c e  

a f f e c t i n g  t h e  p r a c t i c a l  o p e r a t i o n  of a s o l a r  a r r a y .  

28 



Adhesives have been ob ta ined  from t h e  Sauere isen  Cements C o .  and from 

Aremco Products ,  Inc .  These cements w i l l  be  used t o  bond s o l a r  cel ls  t o  

s t r i p s  of f i b e r g l a s s  c l o t h .  The s o l a r  c e l l  w i l l  be  t e s t e d  f o r  adhesion 

both  b e f o r e  and a f t e r  thermal  c y c l i n g  from 20 t o  4 5 O o C ,  and t h e  chemical 

r e a c t i o n  between cemented p a r t s  w i l l  be  observed f o r  s e v e r a l  weeks t o  

ensu re  t h a t  t h e  cements do n o t  a t t a c k  t h e  s o l a r  c e l l s  o r  t h e  f i b e r g l a s s  

c l o t h .  

The thermal  a n a l y s i s  on t h e  greenhouse e f f e c t  w i l l  be completed as soon 

as a d d i t i o n a l  i n fo rma t ion  on t h e  coated and uncoated H-film is obta ined .  

This  a n a l y s i s  w i l l  show t h e  number of l a y e r s  of H-film requ i r ed  t o  a t t a i n  

a s t e a d y - s t a t e  tempera ture  of 4 5 0 ° C  and t h e  t i m e  r equ i r ed  t o  reach  t h i s  

tempera ture .  

The e l e c t r i c a l  h e a t i n g  a n a l y s i s  w i l l  cont inue ,  and s o l a r  c e l l s  w i l l  be  

checked f o r  deg rada t ion  a f t e r  be ing  t e s t e d  wi th  0.8 ampere forward c u r r e n t  

a t  4 5 0 ° C .  

show t h e  h e a t  d i s s i p a t e d  a t  0.8 ampere from 20 t o  4 5 O o C ,  and t h e  t i m e  t o  

heat. t h e  pane l  t o  4 5 0 ° C  w i l l  be  c a l c u l a t e d .  

aluminum f o i l  ve r sus  power r equ i r ed  w i l l  a l s o  be  determined,  and a recom- 

mendation on how t o  h e a t  t h e  pane l  w i l l  b e  made. 

I f  t h e r e  is  no degrada t ion ,  a load  p r o f i l e  w i l l  b e  made t o  

The number of l a y e r s  of 

The shade ,  reels, and accessory  equipment f o r  drawing t h e  shades a c r o s s  

t h e  pane l  w i l l  be  designed a f t e r  t h e  thermal  a n a l y s i s  i s  completed. 
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CONCLUS IONS AND RECOMMENDATI ONS 

From t h e  work accomplished dur ing  t h e  f i r s t  q u a r t e r  of t h e  program, t h e  

fo l lowing  conclus ions  can b e  made: 

Thermal-diffusion bonding can be  used t o  a t t a c h  i n t e r c o n n e c t o r s  t o  

s o l a r  cells; 

I n  t h r e e  out  of fou r  cases, thermal -d i f fus ion  bonding d i d  no t  de- 

grade  t h e  performance o f  t h e  s o l a r  ce l l s ;  

J o i n t s  formed by thermal -d i f fus ion  bonding have more than  500 grams 

s h e a r  s t r e n g t h ;  

The bonded j o i n t  i s  a we l l -d i f fused  j o i n t ;  

A s o l a r  c e l l  and a bonded i n t e r c o n n e c t o r  j o i n t  can wi ths tand  10 

cyc le s  from 20 t o  500°C wi thout  s e p a r a t i o n ;  

A 400-Hz motor w i l l  o p e r a t e  i n  vacuum. 

Thermal-dif f u s i o n  bonding appears  t o  have many advantages beyond t h e  high- 

tempera ture  requirements  of t h i s  c o n t r a c t .  It e l i m i n a t e s  t h e  weight  of 

s o l d e r ,  t h e  contaminat ion of f l u x e s ,  and t h e  c l ean ing  a f t e r  j o i n i n g  , and 

al lows t h e  cel ls  t o  exper ience  h igh  tempera tures  wi thout  i n t e r c o n n e c t o r  

j o i n t  f a i l u r e .  The process  appears  t o  b e  adap tab le  t o  m a s s  p roduct ion .  

It i s  n o t  w i t h i n  t h e  scope of t h i s  c c n t r a c t  t o  f u l l y  i n v e s t i g a t e  a l l  t h e  

parameters  of thermal -d i f fus ion  bonding t o  s o l a r  c e l l s ,  b u t  r a t h e r  t o  

develop t h e  process  t o  a p o i n t  where i t  is  s u i t a b l e  f o r  f u l f i l l i n g  t h e  

c o n t r a c t u a l  committments. The work r e q u i r e d  t o  f u l l y  develop t h e  p rocess  

appears  t o  be  a r e s e a r c h  program i n  i t s e l f .  

PROGRAM SCHEDULE 

The program schedule  i s  shown i n  F igure  12. The darkened areas show t h e  

work completed. A t  t h i s  t i m e ,  a l l  work i s  proceeding on schedule .  
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